ABSTRACT: The local geometry of a DNA helix can influence protein recognition, but the sequencespecific features that contribute to helix structure are not fully understood, and even less is known about how RNA helix geometry may affect protein recognition. To begin to understand how local or global helix structure may influence binding in an RNA model system, we generated a series of DNA analogues of HIV and BIV TAR RNAs in which ribose sugars were systematically substituted in and around the known binding sites for argininamide and a BIV Tat arginine-rich peptide, respectively, and measured their corresponding binding affinities. For each TAR interaction, binding occurs in the RNA major groove with high specificity, whereas binding to the all-DNA analogue is weak and nonspecific. Relatively few substitutions are needed to convert either DNA analogue of TAR into a high-affinity binder, with the ribose requirements being restricted largely to regions that directly contact the ligand. Substitutions at individual positions show up to 70-fold differences in binding affinity, even at adjacent base pairs, while two base pairs at the core of the BIV Tat peptide-RNA interface are largely unaffected by deoxyribose substitution. These results suggest that the helix geometries and unique conformational features required for binding are established locally and are relatively insulated from effects more than one base pair away. It seems plausible that arginine-rich peptides are able to adapt to a mosaic helical architecture in which segments as small as single base steps may be considered as modular recognition units.
Sequence-specific recognition of nucleic acids is commonly achieved by the complementary positioning of hydrogen bonding groups of the protein side chains and backbone with those of the bases, base pairs, or base pair steps in the major groove of a double helix (1, 2) . Thus, the form of the double helix (A, B, or other) can influence recognition by altering the relative positioning of base and backbone functional groups, as can the presence of local helical irregularities, bends, or nonhelical structures. Indeed, analyses of DNA-protein cocrystal structures have shown that many protein binding sites diverge significantly from the canonical B-form geometry, sometimes toward the A-form, and often in ways that increase complementarity between the major groove and a protein R-helix (3, 4) . The value of recognizing a sequence in an "A-like" geometry was further suggested by the observation that a zinc finger protein binds more tightly to its target sequence when presented in the context of an RNA/DNA hybrid than as DNA (5) . While some proteins may recognize sequences within limited stretches of an A-form helix, an extended A-form duplex presents a deep and narrow major groove that is too small to accommodate a protein R-helix or -sheet segment (6, 7) . Thus, recognition of base pairs within an RNA major groove typically is accompanied by local interruptions of helical structure, incorporating adjacent bulged or looped nucleotides that widen the groove sufficiently for protein access (8) .
One type of RNA-binding domain that recognizes the RNA major groove is the arginine-rich motif (ARM) 1 , a 10-20 amino acid segment enriched in arginine that typically binds RNA with high affinity and specificity as an isolated peptide (9) . ARM peptides can adopt R-helical, -hairpin, or extended conformations and often require RNA to assume their bound structures. It is likely that these peptides must conform to the structure of the deep major groove in order to create a sufficiently large interface for specific, highaffinity binding (9) (10) (11) . Among the most well-characterized ARM peptide-RNA interactions are the Tat-TAR complexes from the human and bovine immunodeficiency viruses (HIV and BIV). The viral Tat proteins are essential transcription elongation factors that bind to their respective TAR RNA hairpins located at the 5′-end of the nascent transcripts (12) .
In the HIV Tat-TAR complex, an ARM peptide comprised of amino acids 49-57 binds TAR with high affinity, primarily using one arginine (at position 52) to make specific contacts to the RNA (8, (13) (14) (15) . The free amino acid arginine, or even the guanidinium group alone, also binds TAR specifically, and NMR structures have shown that arginine and Tat peptides induce similar conformational changes in the RNA. Upon binding, the helices surrounding a three-nucleotide bulge coaxially stack, and the bulged U23 residue is positioned in the major groove of the upper stem to form a base triple with the A27-U38 pair ( Figure 1A ) (16) (17) (18) (19) (20) (21) . Arginine, which appears to be presented from an extended peptide chain, stacks between A22 and U23, forms hydrogen bonds with the O6 and N7 atoms of G26 in the major groove, and makes electrostatic or hydrogen bond contacts with the phosphates of A22 and U23. This argininebinding motif has been observed repeatedly in in vitro selection experiments with arginine or ARM peptides (22) (23) (24) (25) , suggesting that it represents a highly favorable major groove interaction.
Despite significant similarities between the HIV and BIV hairpin sequences, including conservation of the argininebinding site, the BIV Tat-TAR interaction is far more extensive ( Figure 1A ) (26) (27) (28) . The BIV interaction involves eight critical peptide residues, all contained within residues 70-79 of the full-length protein and a larger RNA surface (26, 27) . The peptide is unstructured on its own, but NMR structures of the complex demonstrate that it adopts a -hairpin configuration upon binding in the major groove (29, 30) . A base triple similar to that in HIV TAR is observed, with arginine 73 making analogous contacts, although the A13-U24 base pair of the triple can be mutated to U-A with little effect on binding affinity (27) . A critical isoleucine at position 79 appears to buttress the bulged U10 base by stacking against the hydrophobic C5-C6 surface, and additional contacts between arginine 70 and G14, glycine 71 and G22, threonine 72 and the G22/C23 step, and potentially between arginine 77 and G9 at the top of the lower stem all contribute to the high-affinity interaction.
The structures of DNA-protein complexes provide evidence that helical conformation plays an important role in protein recognition (3), but direct experimental evidence is generally lacking, and even less is known about how the form of the helix may contribute to RNA binding. To assess the roles of helix geometry in ARM peptide recognition, we systematically introduced ribose groups into DNA analogues of HIV and BIV TAR, which do not bind argininamide or the BIV Tat peptide, respectively, and identified positions critical for binding. Because 2′-hydroxyl groups are the major determinant of A-form helix geometry and project into the minor groove where they are inaccessible to ARM peptides bound in the major groove (6), we reasoned that such DNA/ RNA hybrids might reveal which portions of the binding sites are particularly sensitive to helical conformation. We show that the ribose requirements for both interactions are highly localized, with some regions that are sensitive to 2′-hydroxyl substitution being located immediately adjacent to largely insensitive regions. Thus, some essential peptide-RNA contacts appear to require the A-form geometry, whereas others may adapt to variant helical forms, perhaps reflecting the conformational plasticity that is characteristic of ARM peptides.
MATERIALS AND METHODS
Modeling. Canonical A-and B-form helices with the sequences of HIV and BIV TAR were generated by the Nucleic Acid Builder software package (31) . Using InsightII (Accerlys) or PyMOL (DeLano Scientific), these helices were superimposed on the NMR-derived model of the HIV TARargininamide complex (18) , and the average NMR structure of the BIV Tat-TAR complex (1MNB) (29) by overlapping all nitrogen atoms of the four bases at the junction between the upper and lower TAR stems (the A22-U40 and G26-C39 base pairs for HIV TAR and the G9-C26 and G11-C25 base pairs for BIV TAR). (26, 27) are highlighted. Phosphates whose ethylation strongly interferes with binding are indicated by black dots, and one with a moderate effect is in gray (15, 27) . Hydrogen bonding and electrostatic interactions are indicated by arrows, and van der Waals interactions are indicated by dashed lines. (B) Overlapped models of B-form (left, yellow) and A-form (right, red) HIV TAR helices on the HIV TARargininamide complex, with argininamide (light blue) and the extrahelical U23 residue (blue) shown in a stick representation and the RNA backbone as ribbon (blue) (18) . Positions of the A22 phosphates are shown by spheres and marked by an arrow, and the location of the G26 base is indicated. (C) Overlapped models of B-form (left, yellow) and A-form (right, red) BIV TAR helices on the BIV TAR-Tat peptide complex, with the RNA (blue) and peptide (light blue) backbone shown as ribbons (29) . The Arg73-G11 hydrogen bonding interaction is shown in green, and the Thr72-C23 phosphate interaction is shown in orange. Positions of the C23 phosphates are shown by spheres.
Preparation and Characterization of RNA, DNA and DNA/ RNA Hybrids. RNA was prepared by in vitro transcription, purified, and labeled as described (27) . DNA and DNA/RNA hybrids were synthesized on an Applied Biosystems model 394 oligonucleotide synthesizer using phosphoramidites from Glen Research (Sterling, VA) and cleaved and deprotected according to manufacturer's protocols. Briefly, hybrids were deprotected overnight in ethanolic ammonium hydroxide and evaporated to dryness. Following a 24 h incubation in triethylamine trihydrofluoride to remove the silyl protecting groups, oligonucleotides were precipitated once with 0.3 M sodium acetate, pH 6.0, and 3 vol of 1-butanol, and once with ethanol. Hybrids were purified on 15% polyacrylamide/ urea gels and stored at -80°in deionized water. DNA and DNA/RNA hybrids were end-labeled with 32 P as described (27) , and the positions of ribonucleotide substitutions were confirmed by hydrolysis in 33 mM sodium bicarbonate, pH 9.0, for 15 min at 90°C followed by analysis on 20% polyacrylamide/urea gels.
L-Arginine-Affinity Chromatography. For HIV TAR analogue binding experiments, L-arginine agarose columns (1 mL of 8.4 µmol/mL packed resin in 10 mL disposable columns, Sigma Chemical Company) were prewashed with 5 mL of 1 M NaCl/1× binding buffer (10 mM Tris‚HCl, pH 7.2, and 0.2 mM EDTA), followed by 5 mL of 100 mM NaCl/1× binding buffer. A mixture of 32 P-5′-end-labeled RNA or hybrid molecule (∼300 000 cpm) and 10 µg of TAR DNA was loaded onto the column at 4°C in 100 mM NaCl/ 1× binding buffer, and oligonucleotides were eluted with a 100-500 mM NaCl gradient (100 mL) at 4°C. Fractions (1.2 mL) were collected and analyzed on 15% polyacrylamide/urea gels to determine elution positions. Dissociation constants (K d s) were estimated using a standard curve (see Figure 8 in ref 23) relating the K d s of a series of HIV TAR mutants measured by isocratic elution from an arginine column, under conditions similar to those described above, to the concentration of NaCl required for elution (23, 32) . For calibration, HIV TAR RNA elutes at 165 mM NaCl, whereas the DNA analogue elutes at 79 mM NaCl. Although column elutions were performed at 100 mM NaCl, it is unlikely that any weak interactions were missed because all hybrids eluted as single peaks later than the column void volume, indicating some degree of interaction with the matrix.
BIV Tat Peptide Affinity Chromatography. An 18-amino acid peptide corresponding to residues 65-81 of BIV Tat preceded by a cysteine (Cys-BTat, CSGPRPRGTRGKGR-RIRR) was synthesized, purified as described (26) , and quantified by reactivity of the thiol group to Ellman's reagent (33) . The BTat affinity resin was generated by first activating 1 mL of packed λ-amino-hexyl agarose (4% agarose, epoxyactivated with a 12 atom spacer, Sigma) with freshly prepared 2.5 mM Sulfo-SMCC (Pierce) in 5 mL coupling buffer (50 mM sodium phosphate, pH 7.4) for 30 min at room temperature. Activated agarose was washed 3 times with 30 mL of coupling buffer and resuspended in 2 mL coupling buffer containing 50 µg Cys-BTat. The peptide-agarose mixture was incubated for 2 h at room temperature, and unreacted resin was blocked by incubating with 20 µL of 500 mM dithiothreitol for an additional 30 min. Resin was washed 3 times and resuspended in 1 mL coupling buffer.
For BIV TAR analogue binding experiments, a BTat column (333 µL packed resin in a 10 mL disposable column) was washed with 5 column vol of 900 mM NaCl/binding buffer (10 mM Tris-Cl, pH 7.4, 1 mM EDTA, and 0.005% Triton X-100) followed by 5 column vol of 100 mM NaCl/ binding buffer. 32 P-5′-end-labeled RNA or hybrid (>100 000 cpm) was heated to 85°C in 1 mL of 100 mM NaCl/binding buffer and slow cooled to 4°C, and a total of 50 µg yeast tRNA (Invitrogen) was added. The mixture was loaded onto the column, and oligonucleotides were eluted with a 100-900 mM NaCl/binding buffer gradient (80 mL) at 4°C. Elution volumes were determined by scintillation counting, and results from at least three independent experiments were averaged. K d s were determined using a standard curve relating K d s measured by fluorescence anisotropy (see below) to the concentration of NaCl required for elution. A tight linear relationship was obtained for all hybrids with measurable K d s from anisotropy experiments.
Fluorescence Anisotropy. Cys-BTat was labeled with fluorescein at its N-terminus by incubating 50 µM peptide with 500 µM 5-(iodoacetamido)fluorescein in 20 mM sodium phosphate, pH, 8.0, and 2 mM EDTA for 2 h at room temperature in the dark. Labeled peptide was purified by C 4 reverse-phase HPLC as described for the unlabeled peptide (26) and was quantified by fluorescein absorbance at 475 nm. To measure binding, fluorescein-labeled Cys-BTat (2.5 nM) was incubated with varying concentrations of DNA, RNA, or DNA/RNA hybrids (0.5-8092 nM) in 30 mM Hepes, pH 7.5, 100 mM KCl, 40 mM NaCl, 10 mM ammonium acetate, 10 mM guanidinium, 2 mM MgCl 2 , 0.5 mM EDTA, and 0.001% Nonidet P-40 for 30 min at room temperature using 20 µL reactions in 384-well plates. Fluorescence anisotropy was measured in a LJL Biosystems Criterion fluorometer using a fluorescein filter set (excitation at 485 nm and emission at 530 nm) and a G-factor of 0.8. Each point was measured three times, and values were averaged from three independent experiments. K d s were determined by fitting data to a single-site binding equation using Kaleidagraph software.
Circular Dichroism (CD) Spectroscopy. CD spectra were measured using an Aviv model 62DS spectropolarimeter. Samples (50 µg/mL of oligonucleotide) were prepared in 10 mM sodium phosphate, pH 7.5, and 100 mM NaCl and maintained at 4°C. Spectra were recorded from 320 to 210 nm using a 1 cm path length cuvette. The signal was averaged for 5 s at each wavelength, and scans were repeated 3 times and averaged. For HIV TAR and analogues, 10 mM argininamide was added, and for BIV TAR and analogues, a stoichiometric amount of peptide (5 µM) was added. To estimate the fraction of A-and B-form helical content in the HIV TAR hybrids, we determined the CD values for each molecule at 266 and 284 nm, which correspond to the peaks observed with the all-RNA and all-DNA versions of HIV TAR, respectively. We estimated the percentage of the two helical forms by comparing the ratio of values at these wavelengths to those of the RNA and DNA versions (considered to be 100% A-and B-form content, respectively), assuming a linear relationship between this ratio and the Aand B-form content, and neglecting any possible contribution from the nonhelical regions. We performed similar calculations for the BIV TAR hybrids using CD values at 267 and 279 nm, which correspond to the peaks observed with the all-RNA and all-DNA versions of BIV TAR, respectively.
NatiVe Gel Analyses and Peptide-Binding Gel Shift Assays. BIV TAR oligonucleotides were heated to 85°C and slowly cooled to 4°C (in 40 mM Hepes, pH 7.5, 100 mM KCl, 1 mM MgCl 2 , 0.5 mM EDTA, 50 µg/mL of yeast tRNA, and 10% glycerol), and mobilities were characterized on native 20% polyacrylamide 1× TBE gels run at 600 V for 20-24 h at 4°C. RNA-binding gel shifts with BTat 65-81 peptide were performed under similar conditions, with peptide at a saturating concentration (2 µM) incubated with oligonucleotides for 30 min at 4°C. We did not perform extensive analyses of HIV TAR hybrids using native gels because the differences suggested by CD were relatively small and because argininamide-bound complexes are too short-lived to be detected on gels.
RESULTS

Arginine Binding to HIV TAR DNA/RNA Hybrids.
Early studies with the HIV Tat protein and Tat-derived ARM peptides showed that a DNA version of HIV TAR did not bind the protein specifically even though no 2′-hydroxyl group was directly involved in binding (13, 14, 34) , leading to the suggestion that ARM-RNA interactions may require an A-form helical geometry for recognition. Indeed, NMR studies of HIV TAR and BIV TAR described below show that all stems form continuous A-form helices (18, 20, 21, 29, 30) . To better visualize how helix geometry might influence binding, we generated models of HIV TAR, based on an NMR complex with argininamide, in which the upper and lower stems were replaced by idealized A-or B-form helices ( Figure 1B ). It is apparent that the distances between the O6 and N7 atoms of G26 and the phosphate of A22 in HIV TAR, which make the most critical contacts to arginine, are lengthened in the B-form model and that they cannot simultaneously form hydrogen bonds to the guanidinium group. It is less obvious whether differences between the major groove widths or between helical twists at individual base steps might also affect interactions either with the guanidinium group or the aliphatic portion of the arginine side chain, and it is entirely unclear how localized any important differences might be.
One way to effectively change helical conformation is to alter the 2′-position of the sugar ring, using a hydroxyl group to favor the C3′-endo sugar pucker and resulting A-form geometry (6) . Indeed, some studies have suggested that introducing a single 2′-hydroxyl into a DNA helix can drive its conformation toward the A-form, although solution structures generally suggest that these effects are limited to the vicinity of the substitution (35) (36) (37) (38) (39) . Because the 2′-hydroxyl groups in an A-form helix project into the minor groove, they cannot directly contact arginine or ARM peptides bound in the major groove, and therefore, any effects on recognition are most likely attributable to changes in local or global helical conformation. To identify regions in HIV TAR where the helical form is most critical for recognition, we created a series of hybrids in which 2′-hydroxyl groups were systematically introduced into an all-DNA version of HIV TAR and measured their ability to rescue arginine binding, as monitored by salt-dependent elution from an L-arginine agarose column (23, 32) . Strikingly, ribose substitution of the two base pairs immediately above and immediately below the bulge was sufficient to generate a hybrid (H2, Figure 2 ) with an affinity for arginine ∼2-fold higher than the all-RNA version of HIV TAR.
The affinities of a variety of analogues in the upper stem (Figure 2A ) indicate the particular importance of riboses in the base pair immediately above the bulge. Removing ribose groups from both upper stem base pairs in the H2 context (H7) reduces binding affinity ∼250-fold relative to H2, while retaining ribose only at the A27-U38 pair (H4) still reduces affinity ∼60-fold. A hybrid with ribose only at the G26-C39 base pair (H3) has an affinity just 10-fold lower than that of H2. Much of the affinity of H4 can be restored by adding riboses at an additional adjacent base pair (H8), perhaps suggesting a cooperative propagation of A-form helix structure toward the binding site. Substitutions made only at positions in the 5′-or 3′-strands (H5 and H6) showed similar affinity to substitutions at G26-C39, indicating that at least one 2′-hydroxyl group positioned at the junction of the two stems is important but that no single position is critical. This is consistent with the effects of single deoxyribose substitutions in HIV TAR RNA on Tat peptide binding (40) .
Analogues in the lower stem ( Figure 2B ) indicate that riboses at the two base pairs below the bulge contribute approximately equally to binding. Removing ribose groups from both base pairs in the H2 context (H15) reduces binding affinity ∼70-fold relative to H2, whereas either single base pair substitution (at A22-U40 or G21-C41, H11 or H12) restores binding by only ∼2-3-fold. There is a marked strand asymmetry at these base pairs, with riboses being much more important on the 5′-strand (compare H13 and H14). Previous work has shown that deoxyribose substitutions at either G21 or A22 have only a small effect on Tat peptide binding to the RNA form of TAR (40) , but the effects in the DNA context shown here are more prominent, likely reflecting the importance of local A-form geometry in the stacked strand surrounding the binding site. The local nature of the effect is especially apparent in the lower stem as substituting riboses at an additional adjacent base pair shows less evidence of helix propagation (compare H12 and H16).
The extensive set of HIV TAR hybrids permits some analysis of how ribose substitutions at particular base pairs are affected by the ribose/deoxyribose composition of neighboring base pairs. To facilitate pairwise comparisons, we converted differences in binding affinities to free energy differences and identified cases where the ∆∆G values between hybrids with neighboring ribose or deoxyribose base pairs were significant. In the upper stem, addition of riboses at the G28-C37 base pair is ∼1.4 kcal/mol (an affinity difference of ∼12-fold) less favorable when the G26-C39 pair already has been ribose-substituted (compare H1 and H2 with H4 and H8), further supporting an indirect role for the G28-C37 conformation in recognition of the two adjacent lower pairs. In contrast, ∆∆G values of only ∼0.6 kcal/mol are observed when the G26-C39 or A27-U38 pairs at the core of the binding site are ribose-substituted in the context of different neighboring substitutions (compare H2 and H4 with H3 and H7; H2 and H3 with H4 and H7). In the lower stem, ribose substitutions at both the A22-U40 and G21-C41 base pairs show substantial context dependence, with a ∼1.2 kcal/mol greater benefit for each ribose-substituted base pair when the other of these two pairs also contains ribose (compare H2 and H12 with H11 and H15; H2 and H11 with H12 and H15), consistent with the apparent cooperative nature of the G21 and A22 conformations mentioned above.
The effects of some ribose substitutions in the nonhelical regions ( Figure 2C ) were unexpected, in particular the significant preference for deoxyriboses in the bulge (compare H2 and H17). There is NMR evidence that U23, which participates in base triple formation and is the only bulge residue critical for arginine binding, may exist in a C2′endo conformation when bound to argininamide (18, 40, 41) , but the observed effect on binding is not specific to U23 (compare H18 and H19). In the context of an all-ribose bulge, it also is slightly favorable to have riboses in the loop (compare H17 and H20), resulting in an affinity similar to the all-RNA version of HIV TAR.
CD of HIV TAR DNA/RNA Hybrids. The binding data demonstrate the importance of 2′-hydroxyls at the base pairs immediately flanking the HIV TAR bulge. To assess whether these ribose substitutions result in localized A-form geometries or whether the helix propagates further along the stems, we estimated the relative A-and B-form helical content by CD, which gives characteristic spectra for the two helical forms (42) . The CD spectrum of the all-RNA version of HIV TAR is characteristic of the A-form geometry, with strong positive ellipticity near 265 nm and much weaker negative ellipticity near 240 nm, whereas the all-DNA version shows the characteristics of a B-form spectrum, with a smaller and broader positive peak near 280 nm and negative ellipticity near 250 nm ( Figure 3A) . DNA/RNA hybrids, containing the important ribose base pairs in the lower (H7) or upper (H15) stems, or the tight binding H2 hybrid, containing substitutions in both stems, produced intermediate spectra.
On the basis of the ratio of signals at 266 nm (A-form) and 284 nm (B-form), we estimate an 8% A-form content for H7, 14% for H15, and 19% for H2, consistent with localized induction of A-form geometry near the arginine-binding region and little propagation beyond the sites of ribose substitution.
We next asked whether arginine binding might lead to propagation of the A-form geometry beyond the binding region. CD spectra recorded in the presence of 10 mM argininamide ( Figure 3B ) are not grossly different from those taken in its absence, with estimated A-form contents of 7% for H7, 13% for H15, and 14% for H2. However, the CD difference spectra of the tight-binding H2 hybrid shows a significant decrease in signal near 280 nm ( Figure 3C) , which is very similar to that observed with TAR RNA (16) and indicates a change in base stacking that is not seen with the poor-binding H7 or H15 hybrids. An opposite change in the CD signal is observed with the all-DNA analogue, possibly suggesting some nonspecific interactions. The results further suggest that the effects of the 2′-hydroxyl groups on the helix structure remain largely localized to the sites of substitution.
BIV Tat Peptide Binding to BIV TAR DNA/RNA Hybrids. While the argininamide-HIV TAR interaction highlights the importance of localized helix geometry, the analysis of hybrids based on the more extensive BIV Tat-TAR/ARM-RNA interface addresses additional features of recognition that may be relevant to more complex systems. This complex also involves a specific arginine-RNA interaction that is virtually identical to that in the HIV complex, but it is presented in the context of a -hairpin peptide along with seven other required amino acids that form an interface comparable in surface area to those seen in DNA-protein complexes (43, 44) . To visualize the possible consequences of altering the helix geometry on BIV TAR recognition, as for the HIV TAR interaction, we generated models, based on an NMR complex, in which the upper and lower stems surrounding the two single-nucleotide bulges ( Figure 1A) were replaced by idealized A-or B-form helices ( Figure 1C) . By considering just two essential interactions, the Arg73-G11 contact that is analogous to the arginine-G26 interaction in HIV TAR and the Thr72-C23 phosphate contact, it is apparent that a major reorientation of the -hairpin would be required to maintain important contacts at both ends of the upper stem in a B-form conformation. The wider major groove of a B-form helix would poorly conform to the width of the -hairpin, and numerous interactions to RNA base and backbone atoms, with their positions altered by differences in base pair tilt and displacement from the helix axis, would be disrupted. Given the diverse and flexible nature of ARM peptides and the preponderance of long, flexible arginine side chains (9, 45) , it is of particular interest to know to what extent a peptide such as BIV Tat can adapt to either localized or extensive changes in helical geometry.
BIV Tat peptide binding affinities were measured for a series of BIV TAR DNA/RNA hybrids using affinity chromatography and fluorescence anisotropy based assays, which are in good agreement with one another. The all-DNA version of BIV TAR binds >1000-fold more weakly than the RNA version, whereas an analogue with three ribose base pairs in the lower stem and riboses in the entire upper stem, where the peptide binds (B1), has a similar affinity to that of the RNA ( Figure 4A ). In examining the upper stem requirements ( Figure 4A ), we found that removing all 2′-hydroxyls (B7) reduced binding to the level of DNA, while substituting riboses only at base pairs G11-C25 and A13-U24 to generate an analogue (B10) similar to the tight arginine-binding H2 HIV TAR hybrid created a hybrid that still bound with ∼100-fold lower affinity than the RNA. However, adding just one more ribose base pair at the top of the stem (B9) brought affinity to within a factor of 8 of the RNA, and adding one additional ribose pair to the lower stem (B3) brought affinity to within a factor of 2 of the RNA. Surprisingly, adding riboses to base pairs G14-C23 and C15-G22, both of which are involved in specific peptide contacts, had less of an effect than substitution of the upper base pair (compare B2 and B3). Thus, despite the very large differences in the interaction surfaces, the 2′-hydroxyl requirements for BIV TAR are nearly identical to those of HIV TAR, with some additional benefit derived from riboses at the top base pair and at one additional base pair in the lower stem. At both of these locations, mutagenesis has indicated a role in binding that is independent of specific contacts (43) and may be related to helical stability, which should be reduced in the context of a DNA/RNA hybrid (46, 47) .
Despite the general similarity in ribose requirements for binding to HIV and BIV TARs, the two show rather different local sensitivities to ribose substitution in the upper stem. Most notably, the G26-C39 base pair that hydrogen bonds to arginine in HIV TAR is ∼6-fold more sensitive to substitution than the A27-U38 base pair that participates in the base triple (compare H3 and H4 in Figure 2A ), whereas the converse is true for the corresponding G11-C25 and A13-U24 base pairs in BIV TAR (compare B4 and B5 in Figure 4A ). Peptide binding to BIV TAR shows a marked strand asymmetry, with a strong preference for riboses in the 3′-strand ( Figure 4A , B11 and B12) versus little preference in HIV TAR (Figure 2A, H5 and H6 ). Additionally, a comparison of ∆∆G values between related hybrids, as described above for HIV TAR, reveals almost no context dependence for the G11-C25 and A13-U24 ribose substitutions. The observed differences of ∼0.2 kcal/mol (compare B3 and B5 to B4 and B6; B3 and B4 to B5 and B6) are much less than seen with the HIV TAR upper stem hybrids (discussed above). In the BIV TAR lower stem, removing all 2′-hydroxyls is less detrimental than removing them from the upper stem, but still reduces binding by ∼60-fold ( Figure 4B , B1 and B15). Ribose substitutions at two of the three top lower stem base pairs restore most of the binding affinity ( Figure 4B , B13, B14, and B16). There is no apparent strand preference for 2′-hydroxyls in the lower stem of BIV TAR ( Figure 4B , B17 and B18), unlike the preference for riboses in the 5′-strand in HIV TAR ( Figure 2B, H13 and H14) . The context dependence of the G9-C26 and U7-A28/C8-G27 pairs also is smaller than in HIV TAR, with ∆∆G values of ∼0.7 kcal/mol (compare B14 and B15 with B1 and B16, and compare B1 and B14 with B15 and B16), probably reflecting less conformational coupling in the lower stem. Thus, as with the upper stem, the overall regions affected by ribose substitution in the lower stem are similar in the two TAR cases but the local sensitivities are quite different.
In the bulge region of BIV TAR, the presence of 2′-hydroxyls is slightly unfavorable for binding ( Figure 4C , B21 and B22), as also observed with HIV TAR ( Figure 2C ). This is consistent with NMR experiments on both complexes which indicate that the bulge nucleotides exist primarily in the C2′ endo conformation (18, 20, 21, 29, 30) .
CD of BIV TAR DNA/RNA Hybrids. It is interesting that the G14-C23 and C15-G22 base pairs in the upper stem, whose identities are critical for BIV Tat peptide binding, bind similarly in the presence or absence of 2′-hydroxyl groups, whereas the U16-A21 pair at the top of the stem clearly prefers the 2′-hydroxyl substitution, allowing the minimally substituted B3 hybrid ( Figure 4A ) to bind with nearly the same affinity as BIV TAR RNA. We used CD to assess whether the entire upper stem might be cooperatively switched to the A-form geometry in this hybrid, either with or without BIV Tat bound, or whether some localized non A-form helix in the middle of the binding site might be accommodated by the peptide.
Like HIV TAR, the spectra of the RNA and DNA versions of BIV TAR are characteristic of A-and B-form structure ( Figure 5A ). The B20 hybrid, with three ribose pairs in the upper stem, has an estimated 35% A-form content; the B15 hybrid, with an all-ribose upper stem, has 47% A-form content, and the tight-binding B3 hybrid, with additional substitutions in the lower stem, has 65% A-form content.
Thus, it appears that the A-form helix does not propagate across the G14-C23 and C15-G22 base pairs, since substitution with ribonucleotides increases the A-form content proportionally despite having flanking ribose base pairs in B20. The B7 hybrid, which contains three ribose pairs in the lower stem and none in the upper stem, has an unexpectedly high A-form content of 47%. We suspect that some propagation of A-form structure may occur in the lower stem or at the junction of the stems, which are better stacked in unbound BIV TAR than in HIV TAR due to differences in the bulge configurations (29, 30) .
Upon BIV Tat peptide binding, a significant shift is observed in the spectra of the two upper stem hybrids (B20 and B15), with an increased signal near 265 nm ( Figure  5B,C) , suggestive of a switch to a more A-form-like conformation. The A-form content of hybrid B20 is estimated to increase from 35% to 55%, and the A-form content of hybrid B15 is estimated to increase from 47% to 60%, perhaps reflecting propagation of helix structure into the lower stem driven by the energy of binding. Little change is seen with the tight-binding B3 hybrid, with a calculated change in A-form content from 65% to 66%, suggesting that any required A-form structure, which does not seem to include the G14-C23 and C15-G22 base pairs, may be preformed in this hybrid. The small change in calculated A-form values for B3 upon binding is consistent with gel mobility measurements described below, although we note some change in the difference spectrum ( Figure 5C ) that may reflect the CD characteristics of an A-B junction rather than A-form content per se. In contrast to the upper stem hybrids, BIV TAR RNA and DNA show little change in the CD spectra in the presence of peptide, whereas B7, with substitutions only in the lower stem, shows a slight decrease in signal near 265 nm ( Figure 5B,C) .
NatiVe Gel Analyses of BIV TAR DNA/RNA Hybrids. Oligonucleotide mobility on native gels has been shown to be proportional to the fraction of B-form helix and thus can provide some indication of helical form (42, 48, 49) . The relative mobilities of the BIV TAR hybrids generally correlate well with the level of ribose substitution in both the upper ( Figure 6A ) and lower ( Figure 6B ) stem hybrids, supporting the premise that the effects of ribose substitution are relatively additive and localized, with little propagation of helical conformation. The similar mobilities of B4 and B6, which differ by one ribose substitution in the upper stem, or the slightly different mobilities of hybrids with similar levels of substitution (compare B4 and B5 in Figure 6A , and compare B13 and B16 in Figure 6B ), however, suggest some propagation at the lower stem-bulge boundary, consistent with the CD results. The mobilities of hybrids with and without ribose substitution at the G14-C23 and C15-G22 base pairs are substantially different (compare B1 and B3 in Figure 6A , and compare B15 and B20 in Figure 6B) , consistent with the degree of chemical substitution and a localized difference in helix geometry.
Relative mobility shifts of BIV Tat peptide-hybrid complexes ( Figure 6C ) are consistent with conformational changes in the lower stem, as inferred from CD, and with a localized helix geometry. All hybrids containing five ribose pairs in the upper stem (B1, B13, B16, B14, and B15) form complexes of low mobility and thus are mostly A-like. Interestingly, the B2 hybrid, which lacks riboses at the top base pair of the upper stem, forms a complex with faster mobility than the other hybrids containing all-ribose upper stems, even though unbound B2 migrates similarly to B13 and slower than B14 and B15 in their unbound states. Thus, peptide binding may drive formation of A-form structure in the lower stem when it is only partially ribose-substituted (B13, B14, and B16) or even completely unsubstituted (B15). The greater mobility of B2 also suggests that, among the hybrids shown in Figure 6C , the degree of upper stem substitution is the primary determinant of mobility differences and, by inference, differences in the amount of A-form helix. The tight-binding B3 hybrid forms the fastest mobility complex, suggesting that the upper stem and, presumably, the deoxyribose G14-C23 and C15-G22 pairs are not entirely A-form.
DISCUSSION
We have defined the minimal 2′-hydroxyl group requirements for specific recognition of HIV TAR by arginine and BIV TAR by a BIV Tat peptide. In both cases, we hypothesize that the hydroxyl groups create an appropriate A-form geometry for major groove binding and thus serve an indirect role in recognition. We base our interpretations on the assumption that the ribose substitutions favor the C3′ endo conformation and are sufficient to alter the local helix geometry, although, clearly, the surrounding context also can influence the conformation. Surprisingly, the helical requirements appear highly localized to the binding regions, and the effects of ribose substitution on helix structure seem largely restricted to the altered base pairs. Furthermore, in the case of BIV TAR, it seems that two essential base pairs in the heart of the binding site need not be in an A-form conformation and we surmise that the BIV Tat ARM peptide is able to adapt to a more B-like conformation. Given the localized nature of the effects, we interpret the data with respect to the possible consequences of changing helix geometry on individual contacts observed in the NMR structures of the two complexes.
HIV TAR-Arginine Interactions. Ribose sugars at four base pair positions in HIV TAR (Figure 2A, H2 ) are both necessary and sufficient for arginine binding, and the requirement for each can be rationalized based on structural data. First, the NMR structures of TAR-argininamide complexes (18, 20, 21) position the guanidinium group of arginine to hydrogen bond to the G26 base and simultaneously to make electrostatic contacts to the A22 and U23 phosphates ( Figure 1A ). In the A-form geometry, the phosphates are substantially displaced along the z-axis relative to the center of a base pair (z p ) (7). This would be expected to position the phosphate of A22, and potentially of U23, near the upper stem and in closer proximity to the G26 base than would be expected in a B-form helix ( Figure  1B) . Consistent with this suggestion, removing 2′-hydroxyl groups from the A22-U40 base pair in the H2 context ( Figure 2B, H12 ) reduces arginine binding affinity by ∼30-fold. Second, removing hydroxyl groups from the G26-C39 base pair (Figure 2A, H4 ), which reduces affinity by 60-fold, is likely to reposition G26 relative to the backbone phosphates and thereby disrupt the guanidinium binding interaction.
Third, it has been proposed that an overtwisting of the helix at the A22-G26 step helps create a pocket between A22 and U23 in which arginine can stack (19) , and the greater twist of the B-form geometry may be expected to alter the base overlap and stacking interactions in this region. Removal of the 2′-hydroxyl groups from G21 and A22 in the lower stem decreases binding by 40-fold ( Figure 2B , H14), but only a small effect is observed when they are removed from the bases on the opposite strand ( Figure 2B , H13). The G21 ribose may indirectly affect binding via stacking with A22, since deoxyribose substitution of the G21-C41 base pair ( Figure 2B , H11) also reduces binding affinity by 20-fold. Thus, the G21/A22/arginine/U23 stacking network may be energetically coupled and may respond cooperatively to changes in sugar composition, reminiscent, on a local scale, of the cooperative changes in helix geometry proposed to take place in ethanol (35, 36) .
Fourth, a base triple between U23 and the A27-U38 base pair in the upper stem ( Figure 1A ) is formed upon arginine binding (18, 21) . Removing hydroxyl groups from the A27-U38 pair (Figure 2A, H3) reduces binding affinity by 10-fold, perhaps by repositioning the base pair and disrupting the triple. The moderate effect on binding is consistent with other results using base triple mutants (18, 32, 50) . Thus, the requirement for riboses at each of the four base pairs in HIV TAR has a plausible structural interpretation, supporting the view that the main effects of each ribose substitution are highly localized within or adjacent to the site of substitution.
BIV TAR-Tat Peptide Interactions. This study reveals several new features of the BIV TAR-Tat interaction, described below, and also provides an interesting comparison to the HIV complex. The arginine-binding module of HIV TAR is conserved in the BIV complex and is very similar in structural detail, with Arg73 used to contact the G11 base and phosphate backbone in the BIV case ( Figure 1A ) (28) (29) (30) . The ribose requirements at the arginine-binding site also appear to be similar, with the BIV interaction requiring 2′-hydroxyls at the two base pairs immediately flanking the U10 bulge in both the upper and lower stems (Figure 4) . The sequences of the lower stems differ, and studies of BIV TAR mutants showed that its sequence is important for binding, probably due to subtle stacking interactions (28) . Correspondingly, the BIV TAR-peptide interaction is enhanced by ribose substitution at one additional base pair in the lower stem ( Figure 4, B3 and B9 ). The only other difference in ribose requirements between the two complexes is the need for ribose at the top base pair of the upper stem in BIV TAR, as discussed below.
The striking similarity in ribose requirements between HIV and BIV TAR seems remarkable given the large difference in the scale of the binding surfaces between arginine and the BIV peptide ( Figure 1B,C) . However, there are quantitative differences that likely reflect other constraints on the peptide complex. For example, the relative importance of the two upper stem base pairs is reversed: deoxy substitution of the A13-U24 base pair in BIV TAR reduces affinity by 140-fold and substitution of G11-C25 reduces affinity by 10-fold ( Figure 4A , B4 and B5), whereas the converse is true for HIV TAR (Figure 2A, H3 and H4 ). In addition, there are different strand preferences for the two complexes, with 2′-hydroxyl groups being especially important on the 3′-strand of the upper stem of BIV TAR ( Figure 4A , B11 and B12) and on the 5′-strand of the lower stem of HIV TAR ( Figure 2B, H13 and H14) . The preference for riboses in the 3′-strand of the BIV site, as well as the requirement for riboses at the A13-U24 base pair, which is surprisingly insensitive to mutation, can be explained by the positioning of Gly74 between the base and ribose of U24 (27, 29, 30) . Gly74 is an essential residue that is deeply buried within the RNA-peptide interface and held rigidly to form the turn of the -hairpin ( Figure 7A) (26) . A C2′ endo conformation at U24, in concert with the 5-methyl group of thymine, would substantially reduce the size of the Gly74 binding pocket, forcing a reorientation of the -hairpin within the groove to maintain other essential RNA contacts. Furthermore, the overtwisting of the A-form helix in the arginine-binding module increases the depth of the pocket, probably further enhancing binding specificity. Thus, the -turn appears particularly well-adapted to the A-form RNA helix geometry.
Our data suggest that some A-form helix may propagate into the lower stem upon peptide binding. It is observed that Arg77 interacts with the G9-C26 base pair at the top of the lower stem, which appears to stabilize an extensive stacking network involving G9/Arg73/U10/Arg70, with Ile79 stacking against the C5/C6 surface of U10 (29, 30) . Thus, the energy of peptide binding to the 5′-strand of the upper stem may help extend the A-form helix to the lower stem. In contrast, HIV TAR forms a less extensive G21/A22/Arg/U23 stacking arrangement, and we observe that ribose substitutions in the 5′-strand of the lower stem result in tighter binding than (24) , bivalent hydrogen bonds are formed between nonbridging oxygen atoms at consecutive phosphates (yellow) and arginine residues (red). Arg38 interacts with the oxygens of C22 and U23, and Arg42 interacts with the oxygens of U23 and G24.
substitutions in the 3′-strand (H13 and H14, Figure 2B ), an asymmetry not observed with BIV TAR. Thus, HIV TAR may require the A-form geometry of the lower stem prior to binding to help stabilize its stacking network.
Perhaps the most striking result is that 2′-hydroxyl groups are not needed at two essential base pairs (G14-C23 and C15-G22) in the core of the BIV TAR binding site, located just above the arginine-binding module ( Figure 1A ). CD and native gel data suggest that these pairs are not converted to an A-form geometry despite flanking ribose pairs in the B3 hybrid (see Figure 4A ). In the BIV complex, Arg70 hydrogen bonds to the O6 and N7 groups of G14, Gly71 hydrogen bonds to G22, and Thr72 may hydrogen bond to C23 and stack on the ribose. Because Arg70 does not make additional interactions to the phosphates or form other stacking interactions seen in the arginine-binding module, it might be expected to be largely insensitive to changes in helix geometry. However, the Gly71 and Thr72 interactions, which both contribute substantially to binding affinity, might be expected to be sensitive to helix geometry as both are largely buried on the inner strand of the -hairpin and Thr72 contacts both a base and the backbone (26) . In these cases, the adaptability of the ARM and the flexible nature of the arginine side chains may allow substantial adjustments to accommodate changes in helix geometry (9) (10) (11) 45) .
Finally, the sensitivity of BIV TAR to deoxy substitutions in the top base pair of the upper stem ( Figure 4A , B10) may reflect fraying of the B-form stem induced by the immediately adjacent loop. Mutagenesis of BIV TAR RNA has shown that having a Watson-Crick base pair at this position is important, but that its identity does not matter (28) . It is generally the case that DNA stems are less thermostable than the corresponding RNA stems (42) , consistent with the larger loss of affinity of hybrid B10 observed in a fluorescence anisotropy assay at 25°C than in an affinity chromatography assay at 4°C ( Figure 4A) . Furthermore, the loss of affinity can largely be suppressed by ribose substitutions at G14-C23 and C15-G22 ( Figure 4A , B2 and B10) despite the lack of a requirement for 2′-hydroxyls at those pairs (see above).
Implications for Other RNA-Protein Interactions. Both the requirements for specific A-form geometries and the mosaic character of a helical binding site undoubtedly apply to other RNA-protein complexes. The arginine-binding module discussed here is found in two aptamers that bind the HIV Rev peptide and in the HTLV RxRE RNA element, and both likely will show geometric requirements similar to those of HIV and BIV TAR (22, 24, 51, 52) . The bacteriophage λ and P22 N peptide-boxB RNA and RSG-1.2 peptide-RRE RNA complexes all utilize an ARM in which alanine is seen to interact in a pocket defined by the 2′-and 3′-carbons of the ribose sugar and the C5 and C6 carbons of a pyrimidine base ( Figure 7B ) (53) (54) (55) (56) . The confluence of hydrophobic groups is a consequence of the C3′ endo ribose conformation and is the same pocket occupied by Gly74 of the BIV Tat peptide (Figure 7A ), suggesting that this may be a relatively common recognition feature in the RNA major groove. Another interaction likely to depend on helix geometry uses the arginine guanidinium group to make electrostatic contacts and/or hydrogen bonds to the oxygens of consecutive phosphates ( Figure 7C ). These types of multivalent "arginine fork" interactions (15) , which can distinguish between helix geometries because the distance between neighboring phosphate oxygens is ∼1.4 Å shorter in the A-form than in the B-form (6), have been observed in several ARM complexes (24, 54, 57) . On the other hand, it can be inferred that interactions made only to a base, such as an arginine-guanine interaction, may allow peptides or proteins to utilize particularly flexible side chains and electrostatic complementarity to adapt to different, perhaps locally unique, helix geometries (45, 58) . For this reason, the ARM may be especially well-suited to recognize a variety of helical contexts, including B-form helices found in structured single-stranded DNA elements (S.G.L. and A.D.F., in preparation).
Studies of other RNA-protein interactions using 2′-deoxy substitutions further highlight the importance of helix geometry. In the E. coli tRNA Ala -synthetase complex, where recognition occurs in the minor groove, and the MS2 coat protein-operator complex, where stem and loop sequences are recognized, removal of 2′-hydroxyl groups believed to directly hydrogen bond to the protein reduced binding affinity by as much as 20-fold (59, 60) . However, DNA analogues containing only the critical ribose groups still showed 20-fold reduced affinity, implying that helical conformation probably also is important. The double-stranded RNAbinding domain (dsRBD) provides the most extreme example of helix-specific recognition. Each modular dsRBD recognizes about one helical turn of RNA and makes a set of hydrogen bonding interactions to 2′-hydroxyls and phosphate oxygens that precisely span the major, and perhaps the minor, groove of an A-form helix (61, 62) . The dsRBDs do not bind hybrids composed of one RNA and one DNA strand, and a small number of deoxyribose substitutions can significantly affect binding (63) . Thus, as exemplified by these cases and the TAR complexes, indirect readout of helical conformation can be as important energetically for high-affinity binding as base-specific interactions or recognition of other tertiary features of RNA structure. It will be interesting to test the importance of localized helical changes in other complexes and to determine what types of RNA or even DNA conformational features can be effectively insulated from neighboring regions.
